Introduction
The evolution in consumer expectations in terms of quality and safety in the agro-industry has led to the need to develop new methods of investigating product quality and the processes involved. Many fields of production still rely too much on the know-how of the operators who, with their experience acquired over time, have become key players in the company. In addition, the manufacturing of quality food products frequently relies on artisanal know-how that is difficult to industrialise and often synonymous of high production losses, therefore prohibitive costs. In contrast, so as to limit costs, the industrial production process is often associated with poorer quality. The objective evaluation of product quality involves the development of methods and sensors adapted to the product or the manufacturing process. Indeed, beneath an apparent simplicity, agro-industry products have complex physical properties linked to elasticity, viscosity and plasticity. One of the major difficulties lies in the complexity of the processes which depend on numerous physical parameters. The matter is subjected to numerous mechanical, thermal or chemical treatments thus migrating towards viscoelastic or even plastic properties that are more difficult to quantify. The originality of the approach adopted consists in the study and set up of an ultrasonic measuring device associated with its electronic environment in order to reply to a specific need due to the complexity of the physico-chemical phenomena involved. A global approach to this problem is very tricky as the physical properties of the media evolve significantly throughout processing. We thus focused on the development of sensors and methods of characterisation dedicated to different phases of the industrial processes. Two very closely linked aspects were therefore studied targeting product characterisation and process control. Work has been carried out to develop acoustic and ultrasonic instrumentation designed to monitor the change in state of the matter (liquid-gel transition and product cohesion), then to monitor the evolution of its elastic properties. The process control applications concern the development of a very low frequency, non-destructive monitoring method to reply to the specificities of the physical properties of the matter. In this document, we report the scientific approach highlighting the design of the ultrasonic sources which dispenses with classic design through the choice of specific resonance modes for the sensors. Their design aims at promoting low frequency resonance in a relatively small scale composite structure. This sensor technology was adapted according to the frequency chosen to study the change in physical state of the media and to monitor the evolution of the acoustic properties of products that are often heterogeneous. Several approaches were used to optimise this technology: an analytical approach to determine the sensor's first vibratory mode which was consolidated by a numerical study, then confirmed and validated experimentally. The application is based on two points:
• The physical or physico-chemical phenomenon linked to the transition phase and the sol-gel transition in the dairy field; the opaqueness and the fragility of this type of gel justifies the importance of quantifying the metrological parameters such as measurement accuracy, stability over time and mechanics of the sensor implemented.
•
The interaction of the sensor with its environment in a process. A bivariate study (sensor/propagation medium) was carried out in order to select the required geometry to ensure that the sensor is adapted to its environment: loaded metallic plates subjected to mechanical stress and heated to a temperature of around 100°C (plate heat exchanger) or strongly absorbent media (fermenting bread dough...). This part of the study consisted in finding a good compromise between the geometry of the sensor, its location in the overall system and the required sensitivity.
Context
Many biochemical industrial activities involve very complex physicochemical phenomena which enable products to be processed. These products often go through a variety of states during processing. Processing uses energy from chemical reactions (e.g. enzymatic), thermal or mechanical energy, or even a combination of these different forms of energy. Physical modifications can also occur (incorporation of air in the matter…). All these forms of energy are often combined within the same process and it is difficult to quantify the contribution of each in the product processing phenomena. Due to the complexity of the processes (several processing stages, multiplicity of forms of energy…) and the products (viscoelastic matter, visco-elasto-plastic…), associated with the legitimate concern of not interfering with the process, few measurements have been carried out during the various stages of processing. The temperature, pressure and flow are often monitored during processing even though they are not necessarily correlated to the desired properties of the product under development. This is why we chose to develop acoustic sensors adapted to the constraints imposed by either the product or the process. Among the essential parameters sought-after, rheological measurements are often determining in terms of the consumers' perception of the qualities of the end product such as texture, viscosity, elasticity.... Several techniques of investigation exist but the majority are laboratory applications and are difficult to adapt for in-line controls. The difficulty thus arises of using multiple techniques to obtain a more complete characterization of the process and the interpretation of the data obtained with these analysis techniques.
Furthermore, the quality control of the processed products also involves evaluating the performance of the process. The temperature, pressure and flow are of course part of the characteristics measured for the control and/or closed-loop control of the various stages of product processing. However, in the case of complex processes they are difficult to correlate to the final properties of the product.
The processes can also evolve over time. This is the case with heat exchangers for which the performance varies over time due to fouling. Only preventive maintenance leading to additional production costs can ensure stable performances of the process over time. The development of sensors integrated in the process to provide information on the evolution of the performance remains essential. This work presents a selection of studies which have led to the development of low frequency acoustic sensors specifically adapted to monitor changes in the physical state of complex media and the process: fragile gel, highly heterogeneous or highly absorbent media, media with complex rheological behaviour... Several cases were studied:
• A low frequency acoustic sensor adapted to the characterization of complex products using an omni-directional source in the case of media undergoing a change in physical state;
• continuous homogeneous medium: sol-gel transition, • complex heterogeneous medium: transition from a suspension of particles in a liquid to a cohesive visco-elasto-plastic solid.
• A very low frequency acoustic sensor used to monitor the response of a medium subjected to mechanical vibrations. Such technology is designed to study the processing phenomena of a highly absorbent product such as bread dough during fermentation. Finally, the identification of the needs and constraints imposed by certain environments (temperature, hygiene, attenuation...) have led to the combination of these types of technology to monitor a process (e.g. fouling of plate heat exchangers, search for an optimum point in the kneading phase...). By taking into account the coupling of the sensor with its environment this technique can, in certain cases, exploit the noise emitted by the process itself, as in kneading for example. In this work, we chose to illustrate the potential of low frequency acoustic methods on applications from the agri-foodstuffs sector. These same states can also be found in the pharmaceutical and cosmetics industries, the aviation industry, the medical field as well as in material chemistry. The methodology implemented can be divided into several phases: (Flory, 1953) , Stockmayer (Stockmayer, 1943) , Case (Case, 1960) , Gupta (Gupta et al., 1979) , Eichinger (Eichinger, 1981) , Allsopp (Allsopp, 1981) and San Biagio (San Biagio et al., 1990) . In most cases the phenomenon is described by the classical theory as a "particular case of percolation" and the two-dimensional growth of the network according to Caylay's tree. Other studies including those of De Gennes (De Gennes, 1989) and Stauffer (Stauffer, 1981 (Stauffer, , 1985 describe the phenomenon of random aggregation and the problems of percolation and gelation. However, the different characteristics of the macromolecular chain-making system can be evaluated according to Clerc (Clerc et al., 1983) , using for example a Monte-Carlo simulation, predicting the influence of the characteristics of the starting solution and the gelation conditions on the structure and the arrangement of the masses. In fact, the gelation process is a transition from an entirely soluble system to a heterogeneous two-phase system: composed of an insoluble entity (infinite-size macromolecule) and a soluble phase. This transition is accompanied by radical changes in some physical properties of the medium. Below the gelation "point", the viscosity of the medium increases and the medium ceases to flow by developing an elasticity.
To study this phenomenon, several physical measurement techniques exist i.e. optical, thermal, rheological and acoustic (Nassar, 1997) . However, sampling and sensitivity to a limited range of physical properties are often drawbacks. Consequently, different techniques are required to explore an entire process with the difficulty of bringing together the heterogeneous data provided by these techniques. This is, for example, the case of optical methods which are penalized by the opacity of the substances analyzed as well as the size of the molecules formed in relation to the wavelength. Thermal methods are insensitive to the mechanical characteristics of the medium. The fragility of some gels (milk gel) limits rheological techniques. In many cases, several analytical techniques exist, but they are only used in the laboratory. To develop further instrumentation in order to understand and to quantify the modification process of media in real conditions, a low-frequency ultrasonic technique using sensors with extremely pointed ends that act as point sources was examined. The application of this technology using two near-field coupled sensors to explore the relationship between the physical properties measured during the evolution of the time of flight of the wave and the structural changes during matter formation (Figure 1 ) was investigated. The sensors were near-field coupled through the medium to be characterised. Such disposition privileges the Signal/Noise ratio and avoids the loss of acoustic pressure which is inversely proportional to the ray of the spherical wave. In a metal or ceramic solid all the waves are generated simultaneously, but in the media we are concerned with, the dominating longitudinal wave is the fastest and is relatively simple to exploit. The advantage of these sensors is that they can be adapted to the measurement configuration envisaged according to the nature of the wave and the appropriate resonance mode.
Study of a low-frequency ultrasonic device
The aim of the study was to define and develop optimal ultrasonic instrumentation to understand the phenomenon and quantify the viscoelastic properties of changing media. The usual ultrasonic characterization techniques are generally based on the use of a resonant piezoelectric transducer in thickness mode. As the resonant frequency of a transducer is inversely proportional to its size, it is greater for low frequencies around 100 KHz. Some researchers like Degertekin (Degertekin & Khury-Yakub, 1996a , 1996b , 1996c , Shuyu (Shuyu, 1996 (Shuyu, , 1997 and Nikolovski (Nikolovski & Royer, 1997) used this physical principle, but associated a tapered volume with the ceramic components to concentrate the mechanical energy.
The aim of this part of the work was to obtain a low frequency acoustic point source to generate a spherical wave in the medium. To do this a different procedure from that traditionally used in classic sensor design was implemented. A new technique was used which consisted in setting in resonance the entire mechanical structure of a reduced-size unit through the contact of an extremely pointed end with the material to be analyzed. In order to behave like an acoustic point source, the size of the point was smaller than the wavelength in the medium. The first part presents a theoretical analysis of low-frequency ultrasonic resonators, beaming a spherical wave in the medium. The choice of a triangular shaped resonator and its mechanical behavior will be assessed and the study completed by a numerical approach based on the application of the finite elements method to characterize all the resonator vibration modes and visualize the corresponding distortions when the structure is excited.
As the analytical results were in good agreement with the numerical results, they were applied to the whole triangular-shaped sensor to validate the findings experimentally. The resonance mode frequencies determined by the numerical calculation were then correlated with the electrical impedance measurements.
Study and design 3.3.1 Analytical approach
For a possible analytical analysis, the structure of a standard ultrasonic sensor is based on a simple triangle shape ( Figure 2 ). The propagation of longitudinal waves in the triangular part of the sensor was studied to determine the resonance frequency of the elongation mode and the velocity amplification ratio between the ends. The analysis is based on an extension of Ensminger's (Ensminger, 1960) theory. According to figure 2, the x section is written:
Fig. 2. Basic analytical shape
Ensminger studied the propagation of a wave in extensional mode in a cone with no loss of which the lateral dimensions were short in comparison with the length. In the case of a triangular shape, this equation takes the following form:
Where: v is the velocity of the particles, ω is the pulsation and c is the velocity of the longitudinal wave in the material making up the vibratory element. On the basis of the dimensions given in figure 3 , the solution to this differential equation leads to an approximate velocity amplification ratio between the two extremities (Nassar, 1997) ; |v ( 
Numerical approach
While an analytical study can only take into consideration one particular mode of vibration of the triangular part of the sensor, a numerical study based on the finite elements method can determine all the vibrating modes of these parts as well as those of the realised sensor. For a real structure; whole sensor included a binding rod and a triangular truncated part (Figure 4) , the displacement differential equations were solved with a continuous regime, taking into account the boundary conditions at the surfaces. The materials were defined by Young's modulus E, Poisson's coefficient ν and density ρ. The results presented below were applied without loss and they were compared to the characteristics of the longitudinal mode determined by the analytical calculations. This comparison was also made for the triangular sensor which was studied as a whole. For our study, the ANSYS analysis software was used. The sensors used were made essentially of piezoelectric material. A source of excitation was engraved in the general structure of the vibrating element (triangle part), providing mechanical continuity without any break (Figure 4a ). This type of engraving was considered as it has been demonstrated (Nassar, 1997) that for the same longitudinal mode, the amplification ratio at the ends is 71 times bigger when there is one engraved source providing mechanical continuity with the vibrating element so that one source can impact the structure by gluing (Figure 3b ). The results show a good correlation between the frequencies determined by the calculations and those determined numerically or using impedance measurements. A significant increase in the amplitude of vibration was observed resulting from the design of the electrode on an active element.
Application for monitoring changes in state 3.4.1 Pointed sensors for sol-gel transition
The milk gelation can be considered as an aggregation of different sized molecules (Walstra& Vliet, 1986; Fox, 1989; Dalgleish, 1993) . This model was explored for several reasons: the available knowledge, the experimental conditions that are known and relatively easy to conduct, the complex medium with the physical properties of liquid and gel states in close contact.
As the reaction progresses, the average mass of each aggregate increases and the number of molecules in the medium tested decreases. The aggregation process results in a giant macromolecule defining the gel. This process was examined using two identical ultrasonic sensors near-field coupled through the medium to be characterized. The working frequency was 60 kHz. Figure 5 presents a schematic diagram of the measuring device. The emitter is driven by a sharp electrical pulse lasting 15 µs. These conditions provide a longitudinal vibration mode at the end of the sensor which behaves like a point source. This phenomenon generates a divergent ultrasonic wave in the medium, one part of which was measured using a receiver located at a constant distance from the transmitter by the first the zero-crossing of the wave. The propagation of the wave in the medium is more or less a compressional wave, as suggested by the time of flight corresponding to a velocity of 1600 m/s in reconstituted milk samples at 25 °C. 
Measurement stability
The time of flight dt(ns) of the signal, measured in distilled temperature-controlled water at 30±0.1°C (reference medium) remains stable. The precision obtained was 1ns over a global reply time of 10µs, given a relative precision of 10 -4 per measurement at the zero-crossing point
Measurement reliability in gelation process
The reliability of a measurement system resides in its reproducibility and its faculty to follow all the stages of the gelation process. In the standard conditions using 12 grams of skimmed milk powder dissolved in 100 ml of distilled water and in accordance with the literature (Noël & al., 1989) , the sol-gel transition clotted between 15 and 16 min. At a regulated ambient temperature at 30 °C similar to the one of the medium under test, as shown in figure 6 , the time of flight of the signal decreased indicating an increase in the mechanical resistance of the product. This variation had not reached a plateau value, indicating that the medium was still changing. Estimation of clotting time Dispersion of the measurements Fig. 6 . Typical curves of the gelation process of two media prepared in the same conditions at a reaction temperature of 30.1 °C observed using the ultrasonic technique. The difference between the two curves provides a quantitative estimation of the global dispersion of the ultrasonic measurement due to the electronics and sample preparation Figure 6 also provides a qualitative estimation of the reproducibility of the ultrasonic measurements. The curves show the progress of the action of the rennet in two media prepared in the same conditions. The maximum dispersion of the measurements was 5 ns due to the electronic parts and the milk reconstitution process. The curve observed at an ambient temperature of 30 °C, similar to the temperature of the milk, was similar to those obtained by measurements using other physical methods (McMahon & Brown, 1984) . When the ambient temperature was significantly different from the product temperature, ultrasonic curves showed a specific pattern. According to Dalgleish (Dalgleish, 1982) , gelation process was defined like a transition phenomenon in which a soluble suspension made of macromolecules (liquid phase) becomes insoluble when a giant mass forms. We can assume that basic macromolecules are synthesized by linking monomers (building units) via covalent bonds. This chemical reaction is due to the presence of functional groups of the monomers that are able to form chemical bonds with other functional groups of the monomers (Mercier & Marechal, 1993) . The network formation occurs if the functionality of the units is greater than two (Mercier & Marechal, 1993) . As the reaction progresses, the conversion status of the system is characterized by the connectivity rate p (Flory, 1953; Stockmayer, 1943) . Below the gelation threshold, the viscosity of the medium increases as the connectivity rate p approaches the critical advancement rate pc. This phenomenon is known as a critical connectivity transition. Above the threshold, the medium ceases to flow and the gel phase develops some elasticity. This phenomenon introduces structural changes in the physical properties and more particularly in the mechanical behavior of the medium, thus resulting in the transition from a liquid state to a viscoelastic solid state. To illustrate this process schematically, let us consider an initial solution containing units that can link together. At the beginning, the medium behaves like a viscous solution in a sol phase due to the presence of a single type of finite-size masses: in this case, p is low ( Figure 8b ). When p increases, bigger and bigger masses are formed (Figure 8c ). For a certain critical value of p, pc, a giant chain appears (continuous connectivity of the space from one side to the other A ↔ B ; Figure 8d ) defining the gel point. Above the threshold pc, the medium in the gel phase has the macroscopic behavior of a viscoelastic solid. For p = 1 all the units belong to the giant mass (Figure 8e) . As the properties of a gelling medium are proportional to the reaction progress, it is possible to represent the behavior of the viscoelasticity in terms of the connectivity rate p according to the following cases ( Figure 8 ): • For p < pc, the system is a liquid whose viscosity increases as the gel point approaches.
Evolution of the molecular network
• For p = pc, elastic behavior appears. • For p > pc, the medium becomes a solid gel whose elasticity increases with p. In order to relate the theoretical aspect to the experimental results, the following curve ( Figure 9 ) has been divided into five different stages. The phenomenon describes the gelation process when the ambient temperature was different from the product temperature. It was undetectable when these temperatures were the same. According to figure 9, "stage (a)" could be interpreted as a proteolytic phase characterized by the appearance of two polypeptides resulting from the effect of the rennet product. This stage is followed by the formation of aggregates of finite size (Figure 8b ). This molecular reorganization might be related to the change of slope of the curve (stage b) reflecting a decrease in the time of flight, which means an increase in the velocity in the sol medium. The temperature inside the medium remained constant during this stage and resulted from the propagation of heat by pure and free convection. The formation of more or less voluminous masses in the medium (stage (c)) induced the transition from a viscous state to a viscoelastic state, slowing down the free convection. This led to a slight temperature decrease in the medium at the level of the sensors (T US in Fig. 4 ) to reach a new equilibrium where heat was mainly transmitted through the container walls (regulated temperature: T cw°C ), by conduction. The changes in the medium during this stage could be interpreted in the following manner: 1. Due to a thermal conduction phenomenon, a slight temperature gradient appears in the medium, between the container walls (T cw = 30.1°C) and the center of the vat, at the location of the measuring point; T US°C (following on the ambient temperature). The temperature decrease induced an increase of the time of flight. 2. The time of flight decreased as the reaction progressed. This decrease can be attributed to the development of an elastic modulus resulting from the formation of macromolecules, changing the medium from a viscous liquid state to a viscoelastic solid state. The phenomenon was expressed physically by the evolution of the connectivity rate p towards its critical value pc . These two phenomena make "stage (c)" a competition between :
1. An increase of the time of flight resulting from a decrease in temperature. 2. A decrease in the time of flight resulting from the appearance of an elastic component in the changing medium. The connectivity rate p, reached a critical value pc in "stage (d)", at the maximum of the curve when the existence can be assumed of a giant macromolecular chain linking the two extreme sides of the considered space (Figure 8d ). During this stage, the mechanical aspect
Stage (a) Stage (b) Stage (c) Stage (d) of the medium could dominate the remaining part of the reaction, due to the weak thermal variation (≈ 2 °C) resulting from the difference in temperature between the medium and the environment (ambient temperature). During "stage (e), the gel strengthened. The gel was stronger when the ambient temperature was very close to the temperature medium (Figure 7 ). This phenomenon can be shown experimentally by an increase in ∆dt(ns) resulting from a decrease in time of flight, whereas theoretically it was explained by the evolution of the connectivity rate p towards 1 following the establishment of continuous connections of finite size masses on the giant molecule, the gel.
Monitoring the formation dynamics of the cohesion forces in a fractionated medium: measurement of the variation in the wave amplitude
A key step often met in agro-industry processes is the formation of the matrix of the final product. In cheese-making, this phase involves the cohesion of the elements making up the medium. Generally, it is the conversion of the matter from a heterogeneous state (made up of overlapping grains) to a homogenous state. In this particular case, the cohesion of the curd grains, essential step in the process, varies according to the process conditions as well as the enzymatic and bacterial activities in the medium. It is thus necessary to take these into account in the description of the cohesion.
Analysis of the medium during the cohesion process
During draining, very different physical states are involved in the conversion of the curd grains from a heterogeneous medium to a more homogenous medium. It is therefore difficult to describe the interaction between the ultrasonic wave and the curd grains during draining using just one physical model. So, for a better evaluation of the different phases in the processing of the medium: 1. From moulding and for a very short period of time the grains are touching and cohesive links begin to form between the contact surfaces, thus forming a skeleton containing connected porosities through which the whey continues to drain (Figure 10a ). 2. When the whey evacuation channels become blocked (Figure 10b ), this phase is described by the multilayer model by Brekovskikh (Brekovskikh, 1980) . It is equivalent to a material made up of layers of grains and whey of which the thickness is equivalent to the size of the grains as well as whey evacuation channels. The layers of whey become thinner and thinner until they disappear (Figure 10c ), producing a homogenous medium (final phase). This approximation is valid insofar as the main signal beam is confined to a narrow area of the medium, which is the case in our measurements. Indeed, the zone of interest is comparable to the size of the grains (Figure 11 ). The evolution of the medium throughout the entire draining phase in the mould was described using these two models: the outflow of the whey and the cohesion of the grains. Heated to a constant temperature of 35 °C, the experimental mould was instrumented with a transmitter and two ultrasonic receivers spread out so as to integrate the signals transmitted through two paths presenting enough interfaces between the grains. This thus reduced measurement dispersion linked to the random number of interfaces (Figure 12 ).
Transmitter Receiver1 Receiver2
Controlled pressure Scales Thermometer Whey ejected Fig. 12 . On the left: The experimental measuring device with a horizontal cross-section of the mould at sensor level and on the right: omni-directional, optimised sensor in elongation mode at 246 kHz Figure 13 shows that the amplitude of the ultrasonic signal is a parameter that is sensitive to variations in the properties of the medium under investigation.
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Time Fig. 13 . Typical curve reflecting the cohesion phenomenon as seen by the variation in the ultrasonic amplitude
Case of highly absorbent matter
The characterisation of media using ultrasounds is often limited by the heterogeneous nature of the matrix which can, in the case of cosmetic, pharmaceutical and agro-food products, be viscoelastic and heterogeneous (foam or emulsion for example). Wave attenuation in such media is mainly due to viscous absorption and scattering from heterogeneities. The higher the frequency the greater the attenuation, hence the necessity to analyse the media using low frequencies in order to characterise the evolving matter. The search for a compromise between the analysis frequency and the volume of the medium to be characterised led us to propose specific sensor geometries associated with specific excitation conditions. In order to manage this constraint, a very low frequency acoustic technique was adapted so as to communicate sufficient energy to a particularly absorbent sample. This was achieved by mechanical excitation caused by a shock. An electrical image of this excitation is obtained using a second identical sensor used as the synchronisation reference (Figure 14) . 
Principle of the sensor proposed
The sensor proposed is illustrated in figure 15 . In the shape of a thin disc, its structure is made up of a ring with an embedded piezoelectric disc. A structure like this offers the advantage of being able to work at resonances lower than those of the piezoelectric disc and thus several resonance modes can be used of which the main ones are flexion and radial modes. This type of sensor also offers a large area of contact with the medium studied, which, in the case of soft and aerated materials, can be advantageous.
The resonance modes of a circular structure, notably those of a disc or a thin ring, have been studied for many years by several authors (Aggarwal, 1952a (Aggarwal, , 1952b Moseley, 1960; Vogel & Skinner, 1965; Leissa, 1969; Blevins, 1979; Irie & al., 1984; Lee & Singh, 1994) . The main modes of resonance of a disc are radial modes in the disc plane and flexion modes outside the disc plane (Tables 3, 4 & 5) . The tables show a good correlation between the theoretical, numerical and experimental analyses. Table 4 . The resonance frequencies of the first two radial modes for a free aluminium disc (R=5cm; h=2mm) obtained analytically and numerically using finite elements
Radial modes
Frequency (kHz) 1 35.9 2 90 Flexion modes (1.0) 1.6 (2.0) 6.5 Table 5 . Resonance frequencies of the first radial and flexion modes for the composite sensor
Application for monitoring fermenting bread dough
The objective of this application was to establish the links between the product evolution kinetics and the acoustic characteristics measured. From a practical point of view, impulse excitation was used in this system. The excitation was obtained by a controlled mechanical impact (rod of an electromagnet), thus exciting the disc used for the synchronisation. The vibration induced in the dough is received by a receiver disc identical to that of the synchronisation disc ( Figure 16 ).
Fig. 16. Experimental measuring device
A metrological study of the measuring device carried out using standard samples (for example a pocket of water at 25°C) showed that the standard deviation of the amplitude and the velocity was approximately 2%. Signal acquisition was carried out over 3 hrs.
Dynamic monitoring of the fermentation process of bread dough
After controlled kneading of the dough, the measurement chamber was placed in an enclosure in order to control the temperature and humidity. The acoustic values studied were the variation of the time-of-flight and the wave amplitude on reception. Figure 17 shows the variations in these two values. It can be noted that the critical points and phases appear simultaneously on the two curves. Fig. 17 . Evolution of the standardised amplitude and the relative signal delay on reception during the fermentation phase
Where:
• τ r is the time necessary to reach a relatively stable zone,
• T r reflects the period of stability during which the relative delay reaches its maximum and remains relatively constant, • Δt M is the maximum relative delay. It is linked to the gas fraction contained in the dough and therefore the extensibility of the latter.
• τ a is the period during which the amplitude of the signal decreases before reaching a plateau, • T a is the period of stability of the amplitude, • A S is defined as being the amplitude of the signal during the period of stability.
A repeatability study was carried out to estimate the dispersion of the parameters (delay and amplitude). Several tests were performed under the same operating conditions. The standard deviation of the measurements of these parameters was around 3%. Table 6 . Parameters relating to the variation in temperature
It can be noted that the maximum relative delay is relatively constant (approximately 380µs) for the three products made under the same operating conditions. This parameter seems to be independent of the temperature, which is in agreement with the hypothesis that it varies according to the gas fraction contained in the matter and the elastic properties of the matrix.
Acoustic sensor for in-line monitoring of a manufacturing process
In certain industrial processes it is often difficult to access useful information in real-time due to the conditions imposed on the mechanical and thermal parameters, pressure, hygiene..., conditions which require a specific installation of the sensor with regard to its environment. The difficulty thus arises of an integration taking into account both the process constraints and the acoustic constraints. This is the case of a plate heat exchanger which can be considered as a typical example in this category (Figure 18 ). 
Sensor selection criteria
For the exchanger, the sensor selected is not cumbersome and is sensitive over a temperature range reaching over 100°C (Figure 19 ). The excitation and synchronisation modes remain the same as the previous case (disc sensor). The principle of the measurement is to excite a vibration mode in one or several plate exchangers and to analyse the evolution under the effect of fouling by measuring the response of the plates using a receiver. A bivariate system-sensor study enabled the geometry of the latter to be defined over the same vibration frequency range as the system (exchanger).
Sensor

Exchanger plate
Electromagnet soliciting a reference sensor Receiver Fig. 19 . Positioning of the sensors on an exchanger plate
Sensor excitation mode
In order to monitor the evolution of the damping of the plate modes due to fouling of the exchanger, it is necessary to excite these modes with enough energy to preserve the signalnoise ratio (of the signal received) after going through the exchanger. A mechanical shock is the only way of producing enough energy for local excitation. The frequency response obtained by modal analysis in the absence of structural constraints is given in the first column in table 7. This column gathers the different modes specific to the structure studied. Some correspond to simple, longitudinal or transversal displacements, others to more complex displacements (flexions, torsions...). The second column shows the modal frequencies obtained from the analysis of the impedance of the sensor mounted on a heat exchanger. The mean standard deviation between the frequencies obtained by modal analysis and those obtained experimentally is 5 %. The good correlation between these results indicates that the numerical modelling provides a good estimation of the resonance frequencies of the sensor.
Excitation by mechanical shock: estimation of the frequency range
The mechanical excitation in question is ensured via the core of an electromagnet.
As an indication, figures 20a and 20b show the temporal and frequency responses of the sensor. The curves show the temporal response and the frequency range of the sensor following a stress induced by a mechanical shock of short duration. The experiments carried out on the overall system (sensor & exchanger) in real configuration show that the temporal response is maximum 4 ms and its frequency response is around a central frequency of approximately 4 kHz.
Application 4.2.1 Fouling mechanism
Heat exchanger fouling is a dynamic process. The phenomenon continues to evolve, generally until equilibrium is reached or cleaning is required. The period of fouling can vary from a few hours to several months.
Müller (Müller-Steinhagen & Middis, 1989) looked at five stages in the process of the appearance and development of particulate fouling:
• The initiation, which corresponds to the time necessary before fouling, can be observed on a clean surface. The duration depends on the nature of the deposit, the initial state of the surface (material, roughness) and the temperature of the wall.
•
The denaturing of the product (protein, organic matter...) under the effect of heat and the surrounding parameters (pH...), their aggregation and transport within the vicinity of the wall.
The adhesion of the particles transported to the wall, controlled by surface adhesion forces (Van der Waals, electrostatic...) and cohesion of the deposit. It has been shown that the particles can adhere to a clean surface or adhere to other particles already deposited.
The dislodging of deposited particles, caused by hydrodynamic forces which exert shear stress on the deposit.
The aging of the deposit over time results in changes in its structure which can either weaken or consolidate it. Generally, the initiation phase is rarely taken into account in particulate fouling models. The mechanisms that govern the deposit of particles are generally presented as being the transport of the particles to the surface, then the "adhesion" to the wall and finally the possible dislodging of the particles.
Results
Before studying the phenomenon of fouling, the metrological variation of the measurement system was taken into account according to the main technological parameters:
• Variation in temperature at constant flow.
•
Variation in flow at constant temperature.
Variation in viscosity at constant temperature and flow. This phase is essential in order to separate the interferences of acoustic values generated by the fouling phenomenon from those linked to the technological conditions of the exchanger and its environment. The curves in figure 21 show the evolution of the energy of the acoustic signals as well as the pressure drop in the system as a function of the process time.
The "Power" curve shows the damping effect linked to the load on the plate caused by fouling. Fig. 21 . Evolution of the power of the acoustic signal received during the fouling test and cleaning
In conclusion, this work concerned the monitoring of fouling using acoustics. By adopting a multi-stage experimental protocol we have been able to show that the variation in the acoustic signal can be used to predict variations in the pressure drop as well as the state of fouling in the plate heat exchanger under very specific operating conditions. Finally, this study illustrates an example of a non-intrusive acoustic technique for the local monitoring in real time of the fouling of plate heat exchangers. The results show that it is possible to follow the relative kinetics of the state of fouling in each zone of the exchanger with the right choice and positioning of the sensors.
Conclusion
This chapter has proposed a synopsis of all the work that has led to the development of novel low frequency sensors. By using structural resonance modes excited by a transducer, these sensors present the advantage of having small sized sources with regard to the acoustic wavelength generated. These sensors are omni-directional but can nevertheless present significant contact areas with the medium to be characterised. This is the case for sensors developed for the characterisation of gels. The close contact of the elements set in resonance with the medium enables phenomena linked to changes in state to be monitored easily. Various applications have led us to develop sensors with very different geometries and which are optimised with the application in mind. Indeed, for each need expressed, the approach consisted in optimising not only the geometry of the sensors but also their optimum position according to the problem posed. Three different cases were thus studied:
• identical near-field coupled sensors, through the medium to be characterised. They were used for monitoring the evolution of the ultrasonic values to characterise a sol-gel transition or the cohesion kinetics of a medium. For certain applications, the sensors are immersed in the medium. This direct immersion is essential for characterising fragile media.
• a low frequency receiver associated with an excitation of the medium via a mechanical shock in the case of very absorbent and scattering media. A second identical sensor is used for the synchronisation of the acquisitions thus reducing, by standardisation, the scattering of the values measured. The mechanical shock produces significant vibratory energy over a broad frequency range.
• finally, the sensors were coupled to heat exchanger plates in order to characterise fouling. This work has shown the interest of using acoustic sensors to monitor processes, providing an often local and dynamic response to the evolution of the performances of the process. The work carried out provides a solid base of knowledge on ultrasound-complex media interactions. This knowledge could be put to good use in the development of sensors and integrated ultrasonic methods and their applications in the analysis and monitoring of local properties.
